Abstract. Balloon-borne observations of ozone from the South Pole Station have been reported to reach ozone mixing ratios below the detection limit of about 10 ppbv at the 70 hPa level by late September. After reaching a minimum, ozone mixing ratios increase to above 1 ppmv on the 70 hPa level by late December. While the basic mechanisms causing the ozone hole have been known for more than 20 yr, the detailed chemical processes determining how low the local concentration can fall, and how it recovers from the minimum have not been explored so far. Both of these aspects are investigated here by analysing results from the Chemical Lagrangian Model of the Stratosphere (CLaMS). As ozone falls below about 0.5 ppmv, a balance is maintained by gas phase production of both HCl and HOCl followed by heterogeneous reaction between these two compounds in these simulations. Thereafter, a very rapid, irreversible chlorine deactivation into HCl can occur, either when ozone drops to values low enough for gas phase HCl production to exceed chlorine activation processes or when temperatures increase above the polar stratospheric cloud (PSC) threshold. As a consequence, the timing and mixing ratio of the minimum ozone depends sensitively on model parameters, including the ozone initialisation. The subsequent ozone increase between October and December is linked mainly to photochemical ozone production, caused by oxygen photolysis and by the oxidation of carbon monoxide and methane.
Introduction
Since the discovery of the ozone hole (Farman et al., 1985) , the chemical mechanisms causing ozone depletion have been clarified in increasing detail (e.g., Solomon, 1999; WMO, 2011) . These mechanisms lead to an almost complete destruction of ozone at certain altitudes (≈15-20 km) in the Antarctic stratosphere, as observed in measurements by ozone sondes over four decades (Solomon et al., 2005) . Figure 1 shows the ozone observations from the South Pole Station at the 70 hPa level. The logarithmic ordinate highlights the massive loss of ozone at this level, with ozone mixing ratios dropping to and even below the approximate instrument detection limit of 10 ppbv (see Vömel and Diaz, 2010) by late September and early October above the South Pole Station. There are some observations that do not display ozone depletion over the South Pole Station, e.g. between late September and early November. These data correspond to times when the polar vortex was not located over the pole, particularly in 2002.
The graph reveals a lower envelope of the observations that has remained nearly the same in different years since 1990, characterising the chemical decay of ozone to values as low as 10 ppbv around the end of September and increasing again afterwards. While the basic mechanisms for the rapid polar ozone loss are understood (Solomon, 1999) , the explanation for the ozone depletion near and below the detection limit of about 10 ppbv have not yet been elucidated, nor has the factor driving the subsequent increase of ozone been identified. Here we use simulations of the Chemical Lagrangian Model of the Stratosphere (CLaMS) to investigate these processes. 
Model description
The simulations presented here are performed with CLaMS (McKenna et al., 2002a,b; Konopka et al., 2004; Grooß et al., 2005a) . The model is used in two different modes. In the box-model mode, stratospheric chemistry is calculated for a few representative air parcels along their trajectory whereas the global mode is the Lagrangian 3-dimensional Chemistry Transport Model.
In the box-model mode, the air parcels are defined here by the location and time of ozone soundings in the ozone hole period, from which trajectories are calculated both backward to June and forward to December. Simulations with the CLaMS chemistry module are then performed forward in time using the combination of these two trajectories. The trajectories of the air parcels were calculated using wind and temperature data from the ECMWF operational analysis in a 1 • ×1 • resolution. The diabatic descent (or ascent) rates were calculated from a radiation code (Morcrette, 1991; Zhong and Haigh, 1995) for a cloud-free atmosphere based on temperatures from the ECMWF operational analyses and climatological ozone and water vapour profiles (Grooß and Russell, 2005) . CLaMS includes options for different solvers to integrate the system of stiff ordinary differential equations describing the chemistry (Carver et al., 1997; McKenna et al., 2002b) . The chemical kinetic data are taken from Sander et al. (2006) , except for the Cl 2 O 2 cross sections which are taken from von Hobe et al. (2009) , scaled by a factor of 1.48 to match the observation of Lien et al. (2009) . The photolysis rates are calculated in spherical geometry (Meier et al., 1982; Becker et al., 2000) for every hour using a climatological ozone profile for ozone hole conditions from HALOE measurements (Grooß and Russell, 2005) . Heterogeneous chemistry is calculated on ice, nitric acid trihydrate (NAT), and liquid ternary H 2 O/H 2 SO 4 /HNO 3 particles. The parametrisations of the temperature-dependent uptake coefficient on liquid aerosols are derived from measurements by Hanson (1998) and those on NAT particles are taken from Carslaw and Peter (1997) based on lab measurements derived from Hanson and Ravishankara (1993) . NAT formation is assumed to occur at a HNO 3 supersaturation of a factor of 10, corresponding approximately to 3 K supercooling below T NAT . The NAT particle density is assumed to be 1 cm −3 .
In the box-model mode, we employ the solver SVODE (Brown et al., 1989 ) that does not use the family approximation, which could become invalid at very low ozone mixing ratios. Since no denitrification parametrisation was used in the box-model mode, the chemical consequences of the denitrification were addressed by sensitivity studies. The chemical initialisation for the air parcels in the box-model mode is interpolated from the 3-dimensional CLaMS simulations described below. The results from box-model studies do not include mixing between neighbouring air masses nor denitrification due to sedimentation of HNO 3 -containing particles. Over the long time span from June to November, a trajectory should certainly not be viewed as representing the exact location of a single air mass. Rather it should be interpreted as one of the possible histories of an air parcel that reaches low ozone mixing ratios. Thus, the results of this trajectorybox-model can be used to investigate the chemical processes around the observed minimum ozone mixing ratios.
The CLaMS 3-D simulations for the ozone hole in the year 2003 were described in detail in a dissertation for a university diploma (Walter, 2005) , which focused on the time period up to November 2003. These simulations are continued until the end of December in this work. The CLaMS simulations were initialised on 1 May 2003 using observations from MIPAS-Envisat data for O 3 , N 2 O, and HNO 3 . Correlations with N 2 O were used to initialise Cl y (Grooß et al., 2002) , Br y (Grooß et al., 2002 )+10 %, and NO y Grooß et al. (2005b) . The remaining species and the family partitioning were initialised from the Mainz 2-D model (Grooß, 1996) . Denitrification by sedimenting NAT particles was simulated with the scheme used for the Arctic winter 2002/2003 (Grooß et al., 2005b) . The horizontal resolution of this simulation is 100 km between 40 and 90 • S. Here, the solver IMPACT was used based on the family concept approximation (Carver and Scott, 2000) .
Results
For investigations of the chemical processes around the ozone minimum in late September, a trajectory was chosen that exactly intersects an observation from the South Pole example of the possible development for which the chemistry is investigated in detail. Figure 2 shows the development of the relevant chemical species and reaction rates along the trajectory. Panel a shows the potential temperature of the air parcel with the typical diabatic descent in the polar vortex and panel b shows the temperature along the trajectory. In panel c we show the simulated ozone mixing ratio. The chosen ozone sonde observation used to determine the trajectory is plotted as a black star symbol. The simulation does reach ozone mixing ratios as low as those observed, but a a time several days after the ozone sonde observation of 10 ppbv.
Chlorine deactivation and heterogeneous chemistry
We first focus on the time period of two weeks before the simulated ozone minimum (grey shaded area in Fig. 2 ). The simulation shows that the cessation of ozone loss (yielding a minimum near 10 ppbv) is caused by a very fast deactivation of active chlorine compounds into the reservoir species HCl on a very short time scale of about a day. Although the temperatures are still low enough for the existence of polar stratospheric clouds (PSCs), chlorine activation does not occur after the ozone minimum because practically all of the inorganic chlorine is in the form of HCl so that neither ClONO 2 nor HOCl are available as reaction partners for HCl in heterogeneous chlorine activation processes. Figure 3 shows a simplified schematic of the primary pathways of chlorine activation and chlorine deactivation. The photochemical equilibrium between Cl and ClO is indicated by thick black arrows. The main heterogeneous chlorine activation reaction during the period shown by the grey shading is HOCl+HCl, which produces Cl 2 . Photolysis of Cl 2 then produces ClO x (=Cl+ClO+2×Cl 2 O 2 ). A similar cycle is also possible through the formation of ClONO 2 instead of HOCl, which is, however, not more than about 0.1 % as fast at this time in the simulation for ozone mixing rations below 0.5 ppmv. The chlorine deactivation into HCl occurs through the reactions Cl+CH 4 and Cl+CH 2 O. HOCl is being formed mainly by the reaction ClO+HO 2 (rather than by heterogeneous reaction of ClONO 2 with H 2 O) in this simulation, and it is decomposed by photolysis as well as through heterogeneous reactions. This chain stops if all chlorine compounds are deactivated into HCl. The fast chlorine deactivation into the reservoir HCl can be elucidated by looking at the net chlorine activation and deactivation rates that are shown in panel f of Fig. 2 . The blue line corresponds to the sum of all activation reactions that decompose HCl (or ClONO 2 ), mainly the heterogeneous reaction of HOCl+HCl. The red line corresponds to the sum of all deactivation reactions in which HCl or ClONO 2 are formed, mainly Cl+CH 4 , Cl+CH 2 O. It is apparent that the chlorine activation and deactivation rates are approximately balanced and they increase to values of the order of 10 ppbv per day in the period before the ozone minimum. This deactivation rate would lead to a complete chlorine deactivation within about 6 h if heterogeneous chlorine activation did not occur at the same time.
The chlorine activation rate in late October and November is mainly due to the gas phase reaction of HCl + OH and ClONO 2 photolysis. For a better focus on the short time period before the minimum ozone occurs, Fig. 4 shows the model results for this two-week period again, but as a function of ozone mixing ratio on a logarithmic scale. The time is indicated by the grey shadings that correspond to every other day, while lower ozone mixing ratios correspond to the later times of the period. Panel a of this figure shows the temperature and panel b shows how the development of chlorine species depends on ozone for the chosen example. The simulated HCl begins to increase rapidly as ozone mixing ratios fall below 0.1 ppmv. When the ozone minimum is reached, no chlorine compounds other than HCl are present in significant amounts. Panel c of Fig. 4 shows the simulated rates for chlorine activation and deactivation from and into the reservoir species (HCl, ClONO 2 ), respectively. As long as it is cold enough for the presence of PSCs and as long as HOCl is formed by the reaction ClO+HO 2 , the formation of HOCl is immediately followed by heterogeneous chlorine activation through the reaction HCl+HOCl. In the case of temperatures near or above 195 K (e.g. in Fig. 4 at 0.7 ppmv of ozone), the chlorine activation rate sinks below the deactivation rate. HCl mixing ratios start to increase if the ozone mixing ratio is low enough for the formation of HCl to exceed chlorine activation despite the low temperatures; in this representative simulation this occurs below ozone mixing ratios of about 0.05 ppmv. The role of ozone in controlling the re-formation of chlorine reservoirs HCl (and ClONO 2 ) in polar spring was first noted by Douglass et al. (1995) . For low ozone mixing ratios, the formation of HCl is strongly dominant. The main reason for the increase in chlorine deactivation rate with decreasing ozone mixing ratio is the strongly increasing Cl/ClO ratio (Douglass et al., 1995; Grooß et al., 1997) that is plotted in panel d. This increase is caused by slowing down the rate of the reaction Cl+O 3 . Cl is formed from ClO through the multiple reactions depicted in Fig.  3 , including ClO + ClO→Cl 2 O 2 , followed by Cl 2 O 2 photolysis and the reaction ClO + CH 3 O 2 of the CH 4 oxidation chain. Due to this dependence, the net chlorine deactivation rate into HCl increases with decreasing ozone mixing ratio. However, the formation rate of HOCl by the reaction ClO + HO 2 also increases with decreasing ozone mixing ratio due to the enhanced HO 2 formation, which is caused as a result of the increase of both the reaction rates of Cl + CH 2 O and ClO + CH 3 O 2 . This enhanced HO 2 formation causes an enhanced HOCl formation rate and thus makes the enhanced chlorine activation rate by the heterogeneous reaction HOCl + HCl possible. During that period, a close balance between chlorine activation and deactivation prevails. The HO 2 production via the reaction ClO + CH 3 O 2 (Crutzen et al., 1992) is particularly important here. In a sensitivity simulation with this reaction left out the minimum ozone mixing ratios were typically larger by a factor of 5-10 and remained always greater than about 30 ppbv (not shown). The net chlorine deactivation rate increases with decreasing ozone mixing ratio until the point when all active chlorine is irreversibly deactivated into HCl. The irreversible, very rapid deactivation occurs, when gas-phase production of HCl significantly exceeds the concurrent HOCl production. The specific ozone mixing ratio at which this complete chlorine deactivation takes place depends critically on the composition and temperature history of the air parcel, as will be shown below. From Fig. 4 , it can also be seen that during darkness no major changes to the chemical composition occur. In darkness, the active chlorine ClO x is predominantly in the form of the night reservoir Cl 2 O 2 , so that no ozone depletion or significant change in chlorine activation occurs.
We also investigated the catalytic cycles responsible for the ozone depletion and their behaviour in this 14-day period. The rate-limiting steps of the most important catalytic destruction cycles are plotted in panels 2g and 4e. The most effective catalytic ozone loss cycles are the ClO-dimer cycle (Molina and Molina, 1987) and the ClO-BrO cycle (McElroy et al., 1986) plotted in orange and green, respectively. The ozone depletion cycle involving HOCl photolysis originally had proposed by Solomon et al. (1986) is also shown. Although this cycle is slower than the ClO + BrO cycle under high ozone concentrations, it gains importance with decreasing ozone and becomes faster than ClO+BrO as ozone mixing ratios fall below about 0.1 ppmv. Other catalytic ozone loss cycles as the BrO-BrO cycle are much less effective. After the ozone minimum is reached, the sum of the ozone loss rates drops below ozone production (black dotted lines) due to oxygen photolysis (black solid line) and other ozone production chains discussed below.
Sensitivity studies
In this section, we investigate the sensitivity of the simulated ozone mixing ratio with respect to several model assumptions. For that purpose, we first performed additional box-model simulations identical to the one described above but with slightly different initial ozone mixing ratios. Figure 5 shows four additional simulations in which the initial ozone mixing ratio was changed between 2.2 and 2.6 ppmv. Surprisingly, each of the five simulations shows both very different minimum ozone mixing ratios and different times at which these minima are reached. Moreover, there is no obvious relationship between the initial ozone mixing ratio and either the time or the minimum ozone mixing ratio. A similar comparison for a trajectory through a different ozone sonde observation also reveals this behaviour (not shown). The reason for this behaviour of the model results was investigated by considering the differences from the reference simulation. Similar to the reference simulation, in the sensitivity runs the ozone depletion was terminated by an irreversible chlorine deactivation into HCl, after which no chlorine activation occurred despite PSC surfaces being available. Chlorine deactivation can occur when temperatures temporarily rise above around 195 K, i.e. above the threshold temperature for chlo- rine activation. As explained above, the formation of HCl is also increasingly favoured with decreasing ozone mixing ratio. Even though the individual air parcel trajectories are identical in all of the simulations shown in Fig. 5 , the low ozone mixing ratios below about 0.1 ppmv are reached at different times and thus at different temperatures. It is therefore possible that in two almost identical simulations with only a slightly different ozone initialisation, one simulation shows complete irreversible chlorine deactivation into HCl at a relatively large ozone mixing ratio, while in other simulations some active chlorine could remain thus permitting ClONO 2 formation, later chlorine activation and further ozone depletion. The lowest ozone mixing ratios were reached when the temperature at the ozone minimum stayed below 190 K until the final days before the ozone minimum. Notably, the processes discussed above that lead to complete deactivation into HCl also dominate under these conditions. The sensitive dependence of the timing of deactivation on temperature and low ozone mixing ratios makes it nearly impossible to simulate the exact ozone minimum for a single air parcel. It also provides a possible explanation for the variability of ozone observations reported by Solomon et al. (2005) . The simulated development of ozone mixing ratios also depends on the initial chlorine activation. This was investigated by repeating the reference simulation but initialised with a larger initial chlorine activation in which about 75 % instead of 50 % of Cl y was initialised as ClO x . The result of the increased chlorine activation is, of course, faster ozone depletion at the beginning of the spring season. However, also here the general behaviour of the temporal development of simulated ozone dependence on the initial ozone mixing ratio remained unchanged (not shown).
The vertical re-distribution of NO y due to sedimenting HNO 3 -containing particles is only considered in the 3-dimensional CLaMS simulation. However, in the box-model simulation it is possible to include denitrification by removing HNO 3 from the model when NAT is present by a simple parametrisation (Grooß et al., 2002) . This parametrisation was used here to study the sensitivity of the results with respect to denitrification. The denitrification was adjusted such that about 3 ppbv of HNO 3 remained in the box in November, consistent with ACE-FTS observations (Jones et al., 2011b) . Individual simulations look different when the denitrification is included and all other model parameters remain identical. However, in general in the case of increased denitrification, the minimum ozone mixing ratio is somewhat larger and it is reached at a later time. This can be explained by two effects. First, a slightly lower chlorine activation, which is due to less NO 2 being available, which makes the formation of ClONO 2 slower and thus decreases the heterogeneous activation through ClONO 2 + HCl. Second, less HNO 3 causes smaller surfaces of solid and liquid PSCs, which slows down the heterogeneous chlorine activation reactions. With the denitrification parametrisation, the maximum of the chlorine deactivation rate is about 50 % lower than for the reference simulation. However, also here the general behaviour of the temporal development of simulated ozone dependence on the initial ozone mixing ratio remained unchanged (not shown). Denitrification also causes a slower rate of increase in ozone after the minimum, as will be discussed below.
Ozone recovery
From the ozone sonde measurements at the South Pole (Fig.  1) , it is evident that after early October the lower envelope of the ozone observations increases again with time. Possible explanations for this increase are either in situ production of ozone or mixing with air masses containing larger ozone mixing ratios. However, the increase occurs smoothly, suggesting a likely role for chemistry rather than mixing alone, which would be expected to be episodic and variable. In the box-model results, the in situ chemical ozone production can be probed. To investigate the latitude and altitude dependence of the in situ ozone production, multiple boxmodel simulations were performed along artificial trajectories in which latitude, temperature and pressure level were kept constant over the period from October to December.
These simulations were initialised assuming complete chlorine deactivation (HCl = Cl y ), 1 ppbv ozone, and 4.5 ppbv NO y corresponding to moderate denitrification. The analysis of these simulations shows that three reaction chains are responsible for the ozone production. One of these is the well-known production by oxygen photolysis (Chapman, 1930) .
Two other reaction chains make important contributions to the modelled ozone production, namely the oxidation of CO and CH 4 .
and
Alternatively, when replaced by the following reaction, the first 2 reactions of Reaction Chain R3 result in a chain with the same sum reaction.
A further minor ozone production chain is also initiated by the oxidation of CH 2 O, which is not considered in detail here. In each of the above reaction chains, the slowest reaction that determines the ozone production rate is written in bold face. (Note that in the presence of PSCs and active chlorine the heterogeneous reaction HOCl + HCl occurs in parallel to HCl + OH in Reaction Chain R3. In that case, the reaction CH 3 OO + NO determines the rate of Reactions Chains R3 and R4). For typical stratospheric ozone mixing ratios, the ozone production rates of Reaction Chains R2 to R4 are of the order of 1 ppbv per day and therefore relatively unimportant. These cycles dominate ozone production here due to the low solar elevation. Figure 6 shows the simulated ozone increase between 1 October and 30 November for the three pressure levels 100, 70, and 50 hPa. The dashed line corresponds to the ozone increase due to oxygen photolysis only (Reaction Chain R1). The dotted lines correspond to the sum of the rates limiting Reactions Chains R1 to R4 including oxygen photolysis. It is slightly larger than the calculated net ozone production (solid lines), because some ozone depletion cycles also occur (see also Fig. 2g ). In Figs. 2g and 4e, the dotted black lines correspond to the ozone production rate due to the sum of all ozone production chains (Reaction Chains R1 to R4). This part of the ozone production increases with increasing altitude. It also increases with distance from the South Pole due to the increasing solar elevation. The fraction of ozone production caused by the CO and CH 4 oxidation (Reaction Chains R2 to R4) corresponds to the difference between the dotted and the dashed line. It remains approximately constant with altitude and latitude.
For the results shown in Fig. 6 , the oxygen photolysis rate was calculated using a climatological overhead ozone profile (Grooß and Russell, 2005 ) that contains average ozone mixing ratios for the ozone hole time period. However, it is possible that the ozone profile above the observations showing very low ozone mixing ratio at the lower envelope may also be significantly below average. This would cause an increase in the oxygen photolysis rate and therefore in the ozone production rate. To investigate this sensitivity, we repeated the simulations assuming a reduced overhead ozone profile. The ozone profile was reduced by a factor of 5 between 30 and 150 hPa south of 65 • S. The results obtained with this reduced overhead ozone profile are displayed in Fig. 7 . A larger ozone production is evident, especially at the 50 hPa level towards the vortex edge. However, air masses with ozone mixing ratios well below average may not remain vertically aligned over a period of two months.
The ozone production rate due to Reaction Chains (R2) and (R3) depends on the available active nitrogen (NO x =NO+NO 2 ) and is strongly influenced by denitrification. A decrease in NO y also implies a decrease in NO x . The NO x dependence of ozone production rates was already investigated in the context of evaluating the impact of aircraft emissions on the chemical composition of the tropopause region (e.g., Grooß et al., 1998) . Figure 8 shows the sensitivity of ozone production with respect to NO y (ranging between 2.5 and 8 ppbv) for the simulation on the 70 hPa level. Figure 8 shows that the ozone increase is slower for more denitrified air. This demonstrates the importance of ozone production due to CO and CH 4 oxidation. An increase in NO x increases the Cl/ClO ratio due to the faster NO+ClO reaction and a larger OH/HO 2 ratio due to the faster NO+HO 2 reaction.
For comparison with the range of observed ozone observations, we now show sensitivity simulations for realistic trajectories that include diabatic descent and latitude variations. The box-model simulations of the same kind as shown in Sect. 3.1 were initialised on 1 August interpolated from the 3-dimensional CLaMS CTM simulation. To obtain realistic initial chlorine activation, the initialisation of ClONO 2 and HCl was taken from a climatology based on ACE-FTS observations (Jones et al., 2011a) . To avoid unrealistic denitrification, the lowest NO y and H 2 O mixing ratios derived from the CLaMS 3-D simulation were not allowed to sink below 2.0 ppbv and 2.0 ppmv, respectively. It is important to note that part of the ozone increase in November and December on the 70 hPa level (Fig. 1) is neither due to photochemical ozone production nor mixing. It is caused by the typical climatological temperature increase in spring, which leads to an increase of potential temperature on a constant pressure level. The change in potential temperature at 70 hPa between 1 October and 1 December is about 38 K. Since in spring the air masses remain on slowly descending potential temperature levels, the time series of observations on constant pressure levels in Fig. 1 corresponds to different altitude origins. Therefore we compare the simulations with data on potential temperature levels. Here, the box-model simulations were performed along trajectories that pass exactly over the South Pole on 21 days (20 September to 10 October 2003) for each of the potential temperature levels 375 K, 400 K, 450 K, and 500 K. For the period between 1 October and 1 December, the average diabatic descent for the chosen trajectory for the lower three levels (375 K, 400 K, 450 K) is below 10 K and 20 K for the 500 K level.
Although the latitude of trajectories changes with time, we argue that the simulated chemical ozone production should be similar to the South Pole observations, because, to first order, similar ozone loss would be expected for an air parcel starting at the pole and ending at latitude x compared with an air parcel starting at latitude x and ending at the pole for the same time period. This is because the noontime solar elevation increases from pole to mid-latitude, while the time of solar hours per day increases from mid-latitude to the pole. Further, the results of single box-model runs can only be taken as an example, since the development of the results very sensitively depends on the initial ozone mixing ratio as shown in the previous sections. The simulated ozone mixing ratios for these simulations are shown in Fig. 9 . Generally it can be seen that the simulations overlay the range of the observations. At the 375 K and 400 K levels, the simulated ozone for many of the trajectories follows the lower envelope of the ozone observations well. On the 500 K potential temperature level, the majority of the box-model simulations have ozone mixing ratios below the lower envelope of the observations. An important reason for the difference at the 500 K level is diabatic descent. For example, the lower envelope of the South Pole observations on 1 December at 480 K is around 340 ppbv while at 500 K it is 480 ppbv, implying that a 20K descent deplacement would be important to the results. Generally, mixing of air masses which is not considered in the box-model simulations would also yield an increase in ozone.
The minimum ozone mixing ratio between equivalent latitudes of 75 • S and 90 • S of the CLaMS 3-D simulation is plotted as a thick black line. In August at the lower levels of 375 K and 400 K about 5 % and 1 % of the CLaMS air parcels are below the envelope of the ozone sonde observations, respectively. This is most likely due to deficits in the ozone initialisation at the lower altitudes, which are, however, not important for the conclusions drawn here. The CLaMS 3-D simulation also fails to reach the minimum ozone mixing ratios that are seen in the observations, probably due to the low resolution of the model simulation. On the 400 K and 450 K level, the increase in minimum ozone in October and November in the 3-D simulation is faster than in the box-model simulations. This additional increase can be explained by mixing, which is potentially overestimated in the 3-D CLaMS simulation. However, from the results shown it is clear that in situ ozone production by the reaction chains mentioned above can explain much of the observed ozone increase in October and November.
Conclusions
In this paper, we have discussed several processes that are responsible for Antarctic ozone depletion. We showed that the observed very low ozone mixing ratios in late September and early October can be reproduced in box-model simulations. A critical constraint on the minimum ozone that can be reached is fast irreversible chlorine deactivation into HCl, which is triggered by very low ozone mixing ratios and makes the ozone loss self-limiting. Ozone depletion can therefore cease as ozone falls to very low values, even though surfaces of solid and/or liquid PSCs are still present. The timing and the value of this minimum ozone mixing ratio are very sensitive to different model parameters, in particular the initial ozone mixing ratio, therefore it is not possible in all cases to exactly predict these parameters for a single air mass. The increase of the ozone mixing ratios after the minimum is mostly explained by in situ chemical ozone production both by oxygen photolysis and as a consequence of methane and carbon monoxide oxidation. An additional ozone increase caused by mixing ond/or descent is also possible, particularly for later times in the spring season.
